In the present study, a molecular tagging technique was developed to achieve simultaneous measurements of droplet size, flying velocity and temperature of "in-flight" droplets in a spray flow. Phosphorescent molecules, which can be turned into long-lasting glowing marks upon excitation by photons of appropriate wavelength, were premixed in the water droplets and served as the tracers for the quantitative flow measurements. A pulsed laser was used to 'tag' the phosphorescence tracer molecules, and the tagged phosphorescent molecules were imaged at two successive times within the phosphorescent lifetime of the tracer molecules. While the sizes of the water droplets were determined quantitatively based on the acquired droplet images with a predetermined scale ratio between the image plane and the object plane, the displacements of the water droplets between the two acquired images were used to estimate the flying/moving velocity of the droplets. The temperature of the "in-flight" water droplets were derived simultaneously by taking advantage of the temperature dependence of phosphorescence lifetime, which is estimated from the phosphorescence intensity ratio of the droplets in the two interrogations. The molecular tagging technique was used to examine the dynamic and thermodynamic behaviors of "inflight" micro-sized water droplets exhausted from a piezoelectric droplet generator. During the experiments, while the ambient temperature was kept constant at 22°C, the initial temperature of the water droplet was changed from 11°C to 18°C at the exit of the droplet 
I. Introduction
It is well known that the characterization of liquid droplets in sprays plays an important role in numerous engineering applications such as spray cooling, combustion, spray drying, or fire extinction as well as in medical applications such as the delivery of drugs. Along with multiple phases, the spray flows involve a broad range of intrinsically multiscale phenomena characterized by many different time and length scales. Effective modelling of spray flows is therefore very difficult to understand the simultaneous presence of many physical processes including initial breakup, secondary atomization, drop-to-drop collisions and aggregations, etc. In order to clearly gain further insight into such highly complex phenomena, a detailed definition of the dynamic and thermodynamic tranformation between cooled liquid droplets in a monodisperse stream and the surrounding gas flow is a central point of interest to characterize the phenomena which occur at droplet scale. In such a simplified monodisperse stream, the evolution of the cooled droplets can be described as a continuous jet breakup with the same trajectory along a straight line and the same initial diameter so that the effects of droplet size, velocity and temperature in characterizing the spray flows can be easily separated in the present works.
To understand the fundamental mechanism in the monodisperse droplets stream, the characteristic parameters must be measured quantitatively and simultaneously to demonstrate the flow phenomena involved. Among the dynamic and thermal fields of the investigated flows between a minodisperse phase and a gas phase, the droplet temperature, which is directly related to the heat transfer in atomization and evaporation processes of liquid droplets, is one of the most important physical properties. In order to account for the convective effects on droplets in motion relative to the surrounding air, the size and velocity of the droplets also influence the amount of heating process between the inflight cooled droplets and the gas flow. The motivation of the present investigation is to simultaneously measure the temperature, size, and velocity of droplets in the thermal and aerodynamic interactions between droplets and flow, thus improving the understanding of the heat transfer process in spray flows characteristics. However, even the use of the most sophisticated laser diagnostics in simultaneous measurement exhibits severe limitations, although considerable progress has been made using visualization techniques.
Lemoine
1 presented a review of the main optical techniques devised to non-intrusively measure the characteristics of the droplets. One of the typically used techniques for determining the mean temperature and size of moving droplets is rainbow refactometry (initiated by Van Beeck and Riethmuller 2, 3 ), which is based on the rainbow position and its dispersion as a function of the refractive index dependent on temperature. Considering the biases resulted from the deformed droplets, Wilms et al. 4 proposed a variation of the global rainbow refractometry technique to filter the non-spherical droplets. The main limitation of the rainbow techniques still remains that the inevitable presence of refractive index gradients can result in important bias in the measurements. Another promising method for applications in many different situations is two-color laserinduced fluorescence, initiated by Lavieille et al. 5 , which enables the spatially averaged measurement of droplets temperature (e. g. Lavieille et al. 6 ; Castanet et al. 7 ; Deprédurand et al. 8 ) and local temperature measurements within droplets in the case of a monodispersed droplets stream (e.g. Castanet et al. 9, 10 ). This method uses a low concentration of a fluorescent organic dye like rhodamine B with high fluorescent emissions sensitive to temperature. The use of the intensity ratios of two detected spectral bands with different temperature sensitivities eliminates many influences including the excitation light intensity and dye concentration. However, the main problem will be the strong quenching of the fluorescence sensitive to the oxygen, pH, etc.
Other measurement techniques will also pose many problems in the droplets measurement applications, such as Raman scattering (e.g. Schweiger 11 ; Müller et al.
12
; Hopkins et al.
13
) which indirectly measures the size and temperature by using the spectral shape, thermochromic liquid crystals (e.g. Nozaki et al.
14 ; Richards and Richards
15
; Mochizuki et al. 16 ) which visualizes droplet temperature refracted by the materials, and infrared thermography (e.g. Tuckermann et al. 17 ; Wulsten and Lee 18 ) which provides the surface temperature from the infrared radiance. For the purposes of simultaneous measurements, most of these techniques are required to combine with the other techniques such as phase Doppler analysis (PDA), laser Doppler velocimetry (LDV), particle imaging velocimetry (PIV) or laser-induced fluorescence (LIF), which complicate the experimental setup and add extra burdens on the instrumentation cost. In a word, all the presented methods should be weighted in regards to their advantages and disadvantages for a specific application.
The current work develops a completely molecular-based flow diagnostic technique to simultaneously measure these characteristic parameters with reliable resolution visualization. It has been developed recently to achieve simultaneous velocity and temperature fields based on MTV&T technique (Hu et al. 19, 20, 21 ), which has demonstrated accurate measurements of small temperature differences in the thermal flow studies benefited from the high sensitivityto temperature variation. This molecular tagging technique only needs a single intensified CCD camera and a single-pulsed Ultraviolet (UV) laser, which uses 1-BrNp·Gβ-CD·ROH triplex as the phosphorescent molecular tracers for multiparameter simultaneous measurements. An explorative study has been conducted recently to achieve simultaneous measurements of droplet size, flying velocity, and instantaneous temperature, in turn to characterize the dynamic and thermodynamic behaviors of droplets in spray flows. In the present paper, a brief general description of molecular tagging technique is firstly introduced. The experimental setup is presented to generate a monodispersed droplets stream by a piezoelectric monosized drop generatorprecisely controlling the droplets initial temperature. Molecular tagging technique is then applied to investigate the effects of the droplet initial temperature, and droplet flying distance on the temperature evolution of the "in-flight" droplets. Theoretical predictions of the temperature change of droplets is also discussed and compared to experimental results.
II. Methodology and experimental apparatus 2.1 Molecular tagging techniques
Molecule-based methods can be easy to accurately and uniformly track the flow, and seeded in situ with considerably less interruption to fluid flows. Phosphorescent tracers for molecular tagging applications are long lived with emission lifetimes that may approach microseconds or even minutes to allow sufficient displacement of the tagged regions during the interrogation time. The derived molecular tagging velocimetry (MTV) technique yields the flow velocity based on the Lagrangian displacement of the tagged molecules over a prescribed time interval. The use of molecular tracers as temperature indicators for thermometry measurement was first reported by Thomson 20, 24, 25 to quantify the unsteady heat transfer and phase changing process within micro-sized icing water droplets in order to improve our understanding about the important microphysical processes. Hu and Koochesfahani 19, 23 combined MTV and MTT techniques, i.e. Molecular Tagging Velocimetry and Thermometry (MTV&T) techniques, which are capable of achieving simultaneous measurements of velocity and temperature distributions in liquid flows. A comprehensive study 19, 21 has been conducted to quantify the unsteady heat transfer process from a heated circular cylinder to the surrounding fluid flow and to examine the thermal effects on the wake instabilities behind the heated cylinder operating in the mixed and forced convection regime.
According to quantum theory 26 , the intensity decay of a first-order photoluminescence process (either fluorescence or phosphorescence) from a single excited state can be expressed as:
where the lifetime τ refers to the time when the intensity drops to 37% (i.e., 1/e) of the initial intensity I 0 . Consider capturing the phosphorescence emission by a gated CCD detector where the integration starts at a delay time t 0 after the laser excitation pulse with an integration (or gate) period of δt. The phosphorescence signal S p collected by the detector is then given by
where A is a parameter representing the detection collection efficiency, I i is the local incident laser intensity, C is the concentration of the phosphorescent dye (the tagged molecular tracer), ε is the absorption coefficient and Φ p is the phosphorescence quantum efficiency. The absorption coefficient ε, quantum yield Φ p and emission lifetime τ are generally temperature dependent 27 , resulting in a temperature-dependent phosphorescence signal (S p ). In order to derive quantitative temperature data from the acquired phosphorescence images for accurate temperature measurements regardless of laser intensity variations and phosphorescent dye non-uniformity, a ratiometric approach is developed by Hu & Koochesfahani 23, 28 .
Now consider imaging the phosphorescence signal at two successive times, as schematically indicated in Figure 1 . The first image is detected at the time t = t 0 after laser excitation for a gate period δ t to accumulate the phosphorescence intensity S 1 , while the second image is detected at the time t = t 0 +Δt for the same gate period to accumulate the phosphorescence intensity S 2 . By using equation (2), it can be easily seen that the ratio of these two phosphorescence signals is given by
In other words, the intensity ratio of the two successive phosphorescence images is only a function of the phosphorescence lifetime τ and the time delay Δt between the images. The phosphorescence lifetime can be calculated according to
resulting in the distribution of the phosphorescence lifetime and the temperature distribution in the flow while the temperature dependence of phosphorescence lifetime is known.
To implement the aforementioned lifetime-based MTT technique, only one laser pulse is required to excite or tag the tracer molecules for each instantaneous temperature field measurement. The two successive acquisitions of the photoluminescence image of the tagged molecules can be achieved using a dual-frame intensified CCD camera. Therefore, the lifetime-based MTT technique can significantly reduce the cost of the instrumentation and experimental setup in comparison with the aforementioned two-color LIF thermometry techniques [5] [6] [7] [8] [9] [10] , which usually require two cameras with proper optical filters to acquire two fluorescent images simultaneously for each instantaneous temperature field measurement.
Fig. 1: Timing chart for phosphorescence image pair acquisition and calculation of lifetime
A specially-designed, water-soluble supramolecules, 1-BrNp·Gβ-CD·ROH triplex 29, 30 , which are almost unquenched by oxygen, has been extensively used as the molecular tracer for MTV and MTT measurements in liquid flows. As originally suggested by Gendrich et al. 29 , the most commonly used concentration is 2×10 −4 M for Mβ-CD (replace Gβ-CD), approximately 1×10 −5 M for 1-BrNp (a saturated solution), and 0.06 M for the alcohol (ROH). The same composition is used for the calibration and the actual experiments in the present paper. As shown in Figure 2 , the phosphorescence lifetime decreases from about 2.05ms to 1.55ms as the temperature varies from 9.4 °C to 19.2 °C. The relative temperature sensitivity of the phosphorescence lifetime is about 3.3%/°C in this temperature area, which is higher than those of commonly used fluorescent dyes. The temperature sensitivity of Rhodamine B for LIF-based thermometry measurements, by contrast, is usually about 2.0%/°C 31 .
Fig. 2: Variation of droplet temperature versus phosphorescence lifetime
As reported by Anthony et al. 32 , combination utilization has been commonly implemented including planar laser-induced fluorescence (PLIF) technique for measurements of droplet size and Particle Tracking Velocimetry (PTV) technique for measuring droplet velocities. Instead of using tiny particles, the present molecular tagging technique is also a whole-field optical technique, which turns molecules into long lifetime phosphorescent tracers upon excitation by photons of appropriate wavelength. By taking instantaneous double-exposed phosphorescent images of the inflight droplets in a monodispersed stream, simultaneous measurements in velocities and droplet sizes at different in-plane points are therefore obtained from the displacements divided by delay time between images and the pixels of phosphorescence intensity. Figure 3 shows the schematic of the experimental setup used in the present study to implement the life time-based molecular tagging technique to achieve simultaneous measurements of droplet size, velocity and temperature of "in-flight" droplets in a monodispersed stream. The water premixed with 1-BrNp•Mβ-CD•ROH molecules as phosphorescent tracer is precooled using an external refrigeration cooling chamber. With the help of the cooling chamber, the temperature of the solution in the chamber was kept constant at a presumed temperature from 0.1˚C to 20˚C, which can regulate the initial temperature of the droplets ejected from the droplet generator nozzle. The droplet temperature is well correlated to the external cooling liquid temperature in the calibration experiments. With use of a piezoelectric vibration plate excited by a particular frequency, the cooled liquid stream injected from the nozzle of the droplet generator is broken into equally spaced and monosized micron scales. The diameter of the droplets is in the range of 400 μm to 1000 μm, and the velocity of the droplets from the nozzle ranges from 2 m/s to 2.5 m/s by controlling the pressure in the solution chamber.
Experimental setup
A fourth harmonic mode of 266 nm with incident laser energy 60 mJ is operated for a Nd:YAG laser. The laser sheet with the thickness of about 600 μm is located in the central plane of the nozzle to illuminate the droplets stream from the droplet generator. The resulting phosphorescent signal is detected by a 12-bit gated intensified CCD camera (PCO DICAM-Pro, Cooke Corporation) with a fast-decay phosphor (P46). The camera is operated in a dual-frame mode, where two full-frame images of phosphorescence are acquired in quick succession from the same laser excitation pulse. The laser and the camera were synchronized using a digital delay generator (SRS-DDG535), which controlled the timing of the laser sheet illumination and the intensified camera data acquisition. Figure 4 shows the size measurement of the "in-flight" droplets. Fig. 3(a) and (b) are two images took with the same camera focal length. Figure 4(a) is a length calibration image, which has a physical width of L=9600µm, and the width of the pixels in this image are 0 = 1280; figure 4(b) is a droplet image, which has a pixel diameter of 0 = 60. These two images are took with the same focal length, so that the physical diameter of the droplet is about 450µm, which was calculated based on the equation: Figure 5 shows the velocity measurement of the "in-flight" droplets. Fig. 5 (a) and (b) are two imges took at two different times, and the time delay between these two images is ∆ =1.1ms. The droplet "1" is at part "a" in image (a), and the droplet fell to part "b" in image (b) after time delay ∆ . From these two images, the flight distance pixels 0 of the droplet "1" could be measured. The velocity of droplet "1" is calculated based on the equation:
III. Results and discussion
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Theoretical analysis on sphere heating in airstream
In order to predict the temperature variation of the droplet in the airstream, a sphere heating model 33 is imported. In this model, it is assumed that the temperature of all of the parts of a droplet are equal, and the droplet would not transform, and keep its sphere shape.
The flying droplet temperature is Where, is the initial temperature of the droplet when it leaves the nozzle, is the environment temperature, is the flying time of the droplet, is density of the droplet, is the specific heat of the droplet, h is the convection coefficient of air, and D is the diameter of the droplet.
The convection coefficient of air is defined by
Where, is the Nusselt number, and is the thermal conductivity of air.
The Nusselt number is defined by 
Where, is the Reynolds number of the flying droplet in air, is the Prandtl number, is the dynamic viscosity of air at , is the mean dynamic viscosity of air during the droplet heating process.
Also, the Reynold number of the flying droplet is defined by
Where, V is the droplet velocity, and  is the kinematic viscosity of air.
After combing formulas from (7) to (10), the flying droplet temperature could be predicted based on the droplet diameter D, droplet velocity V, droplet initial temperature and environment temperature . The predicted results will be compared with the measured results in the next section. Figure 6 shows a typical measurement result of the explorative study, which can be used to demonstrate the feasibility of utilizing the MTV and MTT techniques to achieve simultaneous measurements of droplet size, velocity and temperature of flying fuel droplets in spray flows.
Droplets characteristic analysis
For the measurement results given in Fig. 6 , the measurement window is located at 100mm downstream of the droplet generator nozzle, and the initial temperature of the droplet leaving the nozzle is 11.2°C. The environment temperature was kept constant at =22 °C during the experiments. The micro-sized droplets are heated up as they are injected into the air environment. While the first phosphorescence image was taken at 0.23ms after the excitation laser pulse with the exposure time of 0.1ms, the second phosphorescence image was acquired at 1.1ms later after the first image with the same exposure time. The diameter of the droplets in Fig. 6 is about 450 μm, and the velocity is 2.03m/s.
The temperature of the inflight water droplets can be derived simultaneously by taking advantage of the temperature dependence of phosphorescence lifetime, which is estimated from the phosphorescence intensity ratio of the droplets in the two interrogations. Fig. 6(a) is the first image of the phosphorescence intensity, and Fig. 6(b) is the second one. It is not hard to find the droplets in the second image corresponding to the droplets in the first image. After getting the mean intensity of each droplet in the first image and the mean intensity of each droplet in the second image, the lifetime of each corresponding droplet could be calculated based on formula (4). Then based on Figure 2 , the mean temperature of each corresponding droplet could be found. As shown in Figure 6 (c), (d), the mean temperatures of the three droplets are 11.9°C, 12.6°C, and 11.6°C. To eliminate the effect of shot-to-shot variation in the phosphorescence signal, the phosphorescence lifetime of different droplets was averaged. As shown in Fig. 7 , the phosphorescence lifetime of droplets in 50 images with different initial temperatures had large variation, while the variation of the phosphorescence lifetime ratio became smaller after averaging for 50 images. Figure 8 shows the measured inflight droplet temperature compared with the predicted temperature in different droplet initial temperatures. The predicted temperature is based on the model imported in part 3.1. The distance of the measured droplets from the droplet generator nozzle were 100mm, the diameter of all the droplets were about 450μm, velocity of the droplets varied between 2.03m/s to 2.4m/s, and the environment temperature was 22 ˚C. As shown in Fig. 8 , with the increase of the initial temperature of the droplets, both of the measured temperatures and predicted temperatures increased in a similar tendency, while the measured temperature had a bigger variation than that of predicted results. The variations of measured temperature compared with predicted results varied from about -0.5˚C to 0.5˚C. Figure 9 shows the measured inflight droplets temperature compared with the predicted temperature with different distances from the droplet generator nozzle. The diameter of the droplets in this case is about 450μm, the initial temperature of the droplet is 11.5 ˚C, the environment temperature is 22 ˚C, and the velocity of the droplet varied from 2.3m/s to 2.4m/s. In this case, it's assumed that the droplet velocity was constant during the flying process. As shown in Fig. 9 , with the increase of distance from the nozzle, both of the measured temperature and predicted results increased in a similar tendency, while the increase ratio of the measured temperature was slightly higher than that of the predicted results. The variations of the measured temperature compared with the predicted results varied from about -0.2˚C to 0.8˚C. 
Fig. 7: Average effects of number of images on variation of phosphorescence lifetime ratio
Fig. 8: Inflight droplet temperature with different initial temperature
IV. Conclusions
In the present study, a molecular tagging velocimetry technique was used to achieve simultaneous measurements of the droplets size, flying velocity, and temperurate of in-flight droplets in spray flows. With the quantitative information about the droplet size, flying velocity and temperature of the inflight droplets derived from molecular tagging measurements, the dynamic and thermodynamic behaviors of the droplets in spray flows can be revealed in great detail. A sphere heating model was imported for predicting inflight droplet temperature as a function of droplet initial temperature and traveling distance away from the nozzle exit. The measured temperature of the in-flight droplets were was compared with the theoretical analysis results quantatively to validate the measurement results. It was found that, the measured temperature showed good agreement with the theoretical predictions with the discrepancies within ± 0.8˚C.
